The DNA primase gene of the promiscuous IncP-1 conjugative plasmid RP1, encoding two polypeptides of 118 and 80 kba, was inserted into the transposon Tn.5 in Escherichia coli. The derivative transposon, Tn2.523, was then transposed to a temperature-sensitive replication mutant of the promiscuous IncP-1 conjugative plasmid R68 at permissive temperature and the plasmid transferred to Pseudomonas aeruginosa strain PAO. The latter strain was then grown at non-permissive temperature to identify transposition of Tn2523 into the P . aeruginosa chromosome. Immunological and enzymic analysis showed the expression of functional primase polypeptides in the constructed P . aeruginosa strain. 'This strain also restored wild-type conjugational transfer proficiency, by complementation, to mutants of the IncP-1 plasmid R18 affected in transfer from P. aeruginosa to P . stutzeri or to Acinetobacter calcoaceticus due to transposon Tn7 insertion mutations in the primase gene. This strategy of cloning into a transposon and integration into the bacterial chromosome should facilitate genetic manipulation and studies of gene expression in a range of Gram-negative bacteria.
INTRODUCTION
Despite the successful expression of DNA cloned into multicopy plasmid or cosmid vectors in some Pseudomonas species and strains (Frey et al., 1983; Bagdasarian et al., 1983) marked instability (spontaneous DNA deletions or plasmid loss) has been encountered when multicopy recombinant plasmids containing foreign or homologous DNA were maintained in Pseudomonas aeruginosa strain P A 0 or in P . putida (Haas et al., 1984; Kim & Meyer, 1984) . This is a serious impediment to the study of gene expression from such cloned DNA in a given host. Alternatively, broad-host-range, low-copy-number cosmid vectors such as pLAFRl (Friedman et al., 1982) or RecA-Pseudomonas hosts may be used to overcome the problem.
We have explored the strategy of cloning into a transposon, Tn.5, which is then transposed into the chromosome of P . aeruginosa PAO. Assessing gene expression on this basis will be at haploid levels, thus obviating the problems with multicopy levels resulting from the use of conventional cloning vectors. For expression we chose the well characterized plasmid DNA primase polypeptides encoded by the pri gene (Lanka et al., 1984) of the indistinguishable group of promiscuous IncP-1 plasmids RP 1, RK2, RP4, R68 and R18 (Burkhardt et al., 1979 ; Stokes et al., 1981) . The pri gene maps between coordinates 40.5 and 43.5 kb within the Tral region. The message for the two polypeptides of 118 and 80 kDa is transcribed as a single unit from it, but translated as two separate products from an in-phase overlapping gene arrangement. Both proteins have been shown to possess in vivo and in vitro DNA primase activity. The genetic activity of the pri DNA cloned in Tn5 and integrated in the P . aeruginosa chromosome was assessed in complementation tests with R18 plasmids that had Tn7 insertion mutations in pri which reduced their conjugational transmissibility from P . aeruginosa into P . stutzeri (Krishnapillai et al., 1984) . This paper reports the cloning ofpri into Tn5, its stable integration in the P . aeruginosa chromosome and studies of pri expression in P . aeruginosa. Table 1 .
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Bacterial strains
The gene symbols are according to Bachmann (1983) and to Holloway & Matsumoto (1984) 
METHODS
Bacterialstrains andplasmids. These are listed in Tables 1 and 2 , respectively. Incubation temperature was 37 "C except when otherwise stated.
Media, antibiotics and chemicals. For the cloning experiments, nutrient agar (NA), nutrient broth (NB) and minimal medium (MM) were as described by Simon et al. (1983b) . For some of the experiments the NA, NB, MM and minimal P (MP) were as described by Krishnapillai et al. (1981) . Antibiotics were used at the following concentration (clg ml-l) : sodium ampicillin (Ap), 100; sodium carbenicillin (Cb), Escherichia coli and P . aeruginosa., 250, Acinetobacter calcoaceticus, 500, P . stutzeri, 1000; oxytetracycline hydrochloride (Tc), all E. coli strains except BW86, 5, BW86, 7.5; chloramphenicol (Cm), all E. coli strains except BW86, 50, BW86, 10; kanamycin sulphate (Km), all E. colistrains except BW86,30, BW86,15, P . aeruginosa, 300; rifampicin (Rif), 200; mercuric chloride (Hg), 12.
Transformation of bacteria. E. coli strains were transformed by the method of Cohen et al. (1972) except for BW86, where the method of Mandel & Higa (1970) was used.
Plasmid transfer. Quantitative conjugation or mobilization frequencies were determined as described by Cowan & Krishnapillai (1982) . Qualitative transfer was determined as described by Finger & Krishnapillai (1980) . DNA manipulation. Plasmid DNA purification, rapid isolation of recombinant plasmid DNA for analytical purposes and cloning procedures were as described by Simon et al. (19833) . Restriction enzymes and calf intestinal alkaline phosphatase were from Boehringer Mannheim. T4 DNA ligase was a kind gift of A. Rorsch, Erlangen.
Restriction fragment analysis was done in horizontal agarose gel (0.8 %, w/v) electrophoresis. HindIII-or EcoRI/HindIII-generated fragments of phage I served as size standards.
Transposon-facilitated host chromosome mobilization. This was done as described by Krishnapillai et al. (198 1) . DNA primase assays. These were done as described by Lanka & Barth (1981) using the enzymic conversion of the E. coli single-stranded phage fd DNA to the duplex form.
Tn2523 transposition topM0188 in E. coli, transfer ofpM0188 : : Tn2523 to P. aeruginosa andintegration of Tn2523 into the P . aeruginosa chromosome. Cells of E. coli HBlOl(pM01269, pM0188) and JP777(pACYC184) were mated and plated on NA + Tc + Km + Rif at 28 "C (because pM0188 is temperature-sensitive for plasmid replication; O'Hoy & Krishnapillai, 1985; see Table 2 ) to select for KmR (encoded by Tn2523) transconjugants. JP777bACYCl84) was used as recipient to distinguish between mobilization of pM01269 by pM0188 (pMO1269 is a derivative of pSUPlOl1, and the latter carries the IncP-1 plasmid mobilization DNA region cloned in it; Simon et al., 1983a) and transposition of Tn2523 to pM0188 by simultaneous selection for KmR TcR transconjugants. By this means any mobilized pM01269 (as it is a derivative of pACYC184) will be displaced from the recipient by plasmid incompatibility. One KmR transconjugant was purified and the presumptive plasmid pMOl88 : : Tn2523 was designated pMOll79. The latter was separated from pACYCl84 by transfer from JP777(pACYC184, pM0188 : :Tn2523) to E. coli JC3272 by selection for CbR transconjugants at 28 "C. pMOll79 was then transferred from JC3272 into P . aeruginosa PA05 (cells grown at 43 "C to abolish DNA restriction; Holloway, 1965) by selection of CbR transconjugants at 28 "C, and cells of the latter were plated on pre-warmed (43 "C) NA + Km and incubated at 43 "C. One of the 20 colonies tested was CbS TcS. This result is consistent with loss of the plasmid pMOll79 and transposition of Tn2523 (KmR) into the PA05 chromosome. This strain was designated PA01 300.
Cross-reactions of polypeptides with anti-RP4 DNA primase serum. These were detected by a solid phase immunoassay as described by Lanka et al. (1984) . Crude cell extracts were prepared by the Brij lysozyme procedure (Lanka & Barth, 198 1) . The ammonia sulphate fraction was obtained by the addition of solid (NH4)*S04 to the crude cell extract [0.3 g (NH4)2S04 per ml of extract], stirring for 60 min at 0 "C and subsequent collection of the sediment by centrifugation at 10000 g. The pellet was dissolved in one-tenth the original extract volume of buffer (20 mM-Tris/HCl, pH 7-6; 50 mM-NaC1; 0.1 mM-EDTA; 1 m~-D T T ; and lo%, w/v, glycerol) and dialysed.
Ammonium sulphate fractions (80 pg of E. coli or 20 pg of Pseudomonas protein) were separated on a 15 % (w/v) SDS-polyacrylamide gel, transferred to a nitrocellulose membrane, reacted with anti-RP4 DNA primase serum (diluted 1 : 500) and subsequently with fluorescein isothiocyanate-labelled goat anti-rabbit IgGs (diluted 1 : 50).
RESULTS
Cloning of the pri gene into Tn5
The construction pathway for the insertion ofpri into Tn5 is shown in Fig. 1 . The Tral region of RP1 was first inserted in plasmid vectors and then pri was sub-cloned into Tn5. To clone Tral, a Tn5OI derivative of RP1 (pUB955) was used because in this plasmid Tn5OI was inserted in the a orientation at coordinate 53 kb (Grinsted et al., 1978) thus providing an EcoRI site at this coordinate. A PstI site was located anticlockwise of the KmR gene (Lanka et al., 1983) which delimited the Tral region. pUB955 and the vector pSUP104 (Simon et al., 1983a) (Lanka et al., 1984) . To subclone pri, pM01266 DNA was digested with Hind111 to completion, followed by partial digestion with Sau3A. The products were ligated with HindIIIIBamHI-cleaved pBR322 DNA. Pri+ clones were identified by selecting ApR transformants of BW86 which were TcS, and subsequently scoring for colony formation at 40 "C. From 688 ApR transformants 12 were TcS and grew at 40 "C. One of the recombinant plasmids, pMOl267, was partially digested with Sau3A and ligated with BamHIcleaved and phosphatase-treated DNA of the vector pSUPlOl1 (Simon et al., 19836) . As Tn5 in this vector has only a single BamHI site (Rothstein & Reznikoff, 1981; Simon et al., 1983b) CmR KmR transformants of BW86 were selected and again tested for temperature-resistant colony formation. Five of the six transformants obtained showed plasmids with an M , larger than that of pSUPlOl1. The recombinant plasmids were designated pM01268 to pM01272 and their respective Tn5 insertion derivatives Tn2522 to Tn2526.
DNA were v. K R I S H N A P I L L A I , A . P U H L E R A N D E . E . A N K A
Characterization of pri inserts in Tn.5 The BamHI site in pSUP1011, used for cloning, is located within the larger of two XhoI fragments of Tn5 and i s 225 bp from the central XhoI site (Rothstein & Reznikoff, 1981 ;  Fig. 1) . Therefore, restriction analysis with XhoI of the recombinant Pri+ plasmids was done to determine the size of inserted DNA. In all of the five recombinant plasmids, the 2.5 kb XhoI fragment was replaced by a larger fragment that was of different size in each of the plasmids (as expected of partial digestion of pM01267 with Sau3A) (Table 3) , while the 2.4 kb XhoI fragment of Tn5 and the 7.7 kb vector fragment were retained, The Pri+ phenotype of pM01268 to 1272 was confirmed by assaying DNA primase activity (Table 3 ). The DNA primase activity was different in each of the Pri+ derivatives of Tn5, but the reason(s) for this variation was not determined.
Insertion of Tn2.523 into the P. aeruginosa PA0 chromosome Attempts to transpose the Tn5 derivatives containing pri into the P. aeruginosa chromosome by mobilization of the pSUPlOl1 derivatives (Table 3 ) from E. coli by the system described by Simon et al. (1983 b) were unsuccessful, probably due to the inactivation of a kor gene in the Mob region, as reported elsewhere (Schilf & Krishnapillai, 1985) . Therefore, Tn2.523 was integrated into the P. aeruginosa chromosome as described in Methods. Four lines of evidence supported the conclusion that Tn2.523 was chromosomally inserted in P. aeruginosa PAO1300: (i) PA01 300 was KmR but CbS TcS; (ii) plasmid DNA was not detectable in lysates of PA01300 by gel electrophoresis, indicating the loss of pMO1179, although the plasmid was readily detectable from PA05 (the parent of PAO1300) carrying pM01179; (iii) PA01300 chromosomal DNA digested with XhoI and filter hybridized (Southern) with pMO1269 as probe showed the expected two internal fragments of Tn2523, and two other fragments expected of integration into the chromosome, but not if pMOll79 were still present; (iv) the plasmid pM0194 (which carries Tn5) promoted host chromosome transfer from PAOl 300 (which carries Tn2523) because of the homology between the two transposons, a phenomenon previously shown in P. aeruginosa (Krishnapillai et al., 1981) . The data (Table 4) indicate that Tn2523 is inserted between the chromosomal markers bau-9005 and catAI (at 63 to 64min), since polarized chromosome mobilization occurred from the bau-9005 marker in an anticlockwise direction (Holloway & Matsumoto, 1984) and recombinant formation for markers clockwise of catAI was not detected. PA01300 was assayed for primase activity and found to have 2.1 mU (mg crude cell extract)-' while PA05, the parent of PAO1300, had no detectable activity.
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Immunological analysis of pri polypeptides of P. aeruginosa PA01300 To confirm the expression and identity of the 118 and 80 kDa polypeptides encoded by pri, cell extracts of PAOl 300 were immunologically analysed by solid-phase immunoassay using anti-RP4 DNA primase antiserum (Lanka et al., 1984) . By comparison with the Pri+ plasmids pM01269 and RP4, it is clear that PA01300 expressed both the primase polypeptides of 80 and 118 kDa whereas the parent PA05 did not (Fig. 2) .
Complementation of host range mutants of R18 by PA01300
The Pri+ PAOl 300 strain permitted testing of R18 : : Tn7 Pri-mutants, defective in their conjugational transmissibility from P. aeruginosa to P. stutzeri (Krishnapillai et al., 1984) , for their restoration to wild-type phenotype by complementation (the pri gene is located on RP4 between 40.5 and 43.5 kb; Lanka et al., 1984). For this purpose two mutants, pM01187 and pMOll96, were chosen which had Tn7 insertions at 41.2 and 40.8 kb, respectively, on the R18 physical map. Primase enzyme activities were 0.09 and 0.1 mU (mg crude cell extract)-' respectively, in P. aeruginosa as compared with the wild-type R18 activity of 48.2 (Krishnapillai et al., 1984) . The effect of primase encoded by the chromosomally integrated Tn2523 in strain PA01300 carrying pMOll87 or pMO1196 was assessed with respect to plasmid transfer from P. aeruginosa into P. stutzeri and into A . calcoaceticus ( Table 5 ). The results showed that the PA01300 donor host complemented the host range defect of the mutants to a level comparable to that of the wild-type R18. Complementation was confirmed by transfer of the respective plasmid mutants from the PA01300 x P. stutzeri crosses back to PA05, and this showed that the transfer characteristics of the plasmids were still mutant ( Table 5) . 
Cloned Tn5 integration in P . aeruginosa
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r) I sc uss I 0 N The major significance of this investigation is the cloning of heterologous DNA in Tn.5 and its stable insertion in the P. aeruginosa bacterial chromosome. The DNA cloned was that encoding the DNA primase gene of the promiscuous IncP-1 plasmids. Enzymic and immunological analysis showed that the Pa aeruginosa strain PA01300 expressed both in vitro DNA primase activity and the 118 and 80 kDa polypeptides encoded by pri. Genetic analysis established that the cloned gene was fully functional, as it complemented host range mutants of promiscuous plasmid R18 with Tn7 insertions in p i . Furthermore, there was no evidence of instability of the insertion in the P. aeruginosa chromosome as judged by (i) continued retention of KmR (encoded by Tn5) and (ii) the expression of the biological activities of pri even when the strain had been grown under non-selective conditions for at least 50 generations. This suggests that the strategy of insertion of hererologous DNA into the genome of a bacterium is more suitable than cloning in multicopy plasmid or cosmid vectors for the maintenance and expression of desired genes. A similar method of chromosomal integration has been found to be successful in the stable insertion and maintenance of eukaryotic (wheat) DNA in the Bacillus subtilis genome via the use of a temperature-sensitive plasmid (Prozorov et al., 1985) . Grinter (1983) has cloned the trpE gene of E. coli into the transposon Tn7 and integrated it in the P. aeruginosa chromosome via the use of an unstable 'carrier' derivative of the IncP-1 plasmid RP4. However, while this system was relatively stable it did not lead to expression of the E . coli gene in P, aeruginosa.
With the system described here we have also shown the chromosomally inserted IncP-1 plasmid DNA primase complemented the conjugational transfer defect of plasmid R18 mutants with transposon Tn7 insertions in pri. These mutants are specifically unable to transfer from P. aeruginosa to P. stutzeri (Krishnapillai et al., 1984) . The fact that the complementation took place in the donor suggests either that the primase primes conjugational DNA synthesis in the donor, or that one or both of the primase polypeptides is bound to the single-stranded plasmid DNA believed to be transferred during conjugation, and functions to prime such synthesis in the recipient.
The cloning experiments were done at Bielefeld while V. K. was on sabbatical leave and he is grateful to Drs R. Simon 
